Small interfering RNA (siRNA) holds therapeutic promise for silencing dominantly acting disease genes, particularly if mutant alleles can be targeted selectively. In mammalian cell models we demonstrate that allele-specific silencing of disease genes with siRNA can be achieved by targeting either a linked single-nucleotide polymorphism (SNP) or the disease mutation directly. For a polyglutamine neurodegenerative disorder in which we first determined that selective targeting of the disease-causing CAG repeat is not possible, we took advantage of an associated SNP to generate siRNA that exclusively silenced the mutant Machado-Joseph disease͞spinocerebellar ataxia type 3 allele while sparing expression of the WT allele. Allele-specific suppression was accomplished with all three approaches currently used to deliver siRNA: in vitro-synthesized duplexes as well as plasmid and viral expression of short hairpin RNA. We further optimized siRNA to specifically target a missense Tau mutation, V337M, that causes frontotemporal dementia. These studies establish that siRNA can be engineered to silence disease genes differing by a single nucleotide and highlight a key role for SNPs in extending the utility of siRNA in dominantly inherited disorders.
M odulation of gene expression by endogenous, noncoding
RNAs is increasingly appreciated to play a role in eukaryotic development, maintenance of chromatin structure, and genomic integrity (1) . Recently, techniques have been developed to trigger RNA interference (RNAi) against specific targets in mammalian cells by introducing exogenously produced or intracellularly expressed small interfering RNAs (siRNAs) (2, 3) . These methods have proven to be quick, inexpensive, and effective for knockdown experiments in vitro and in vivo (2) (3) (4) (5) . The ability to accomplish selective gene silencing has led to the hypothesis that siRNAs might be used to suppress gene expression for therapeutic benefit (5) (6) (7) .
Dominantly inherited diseases would seem to be ideal candidates for siRNA-based therapy. To explore the utility of siRNA in inherited human disorders, we used cellular models to test whether we could target mutant alleles causing two classes of dominantly inherited, untreatable neurodegenerative diseases: polyglutamine (polyQ) neurodegeneration in Machado-Joseph disease͞spinocerebellar ataxia type 3 (MJD͞SCA3) and frontotemporal dementia with parkinsonism linked to chromosome 17 . The polyQ neurodegenerative disorders consist of at least nine diseases caused by CAG-repeat expansions that encode polyQ in the disease protein. polyQ expansion confers a dominant toxic property on the mutant protein that is associated with aberrant accumulation of the disease protein in neurons (8) . In FTDP-17, Tau mutations lead to the formation of neurofibrillary tangles accompanied by neuronal dysfunction and degeneration (9, 10 ). The precise mechanisms by which these mutant proteins cause neuronal injury are unknown, but considerable evidence suggests that the abnormal proteins themselves initiate the pathogenic process (8) . Accordingly, eliminating expression of the mutant protein by siRNA or other means, in principle, should slow or even prevent disease (11) . However, because many dominant disease genes may also encode essential proteins (e.g., ref. 12) , we sought to develop siRNA-mediated approaches that inactivate mutant alleles selectively while allowing continued expression of the WT protein.
expressing Tet repressor plasmid (provided by S. Strack, University of Iowa) was transfected with pcDNA5͞TO-ataxin-3(Q28) or pcDNA5͞TO-ataxin-3(Q166) (Invitrogen). After selection in hygromycin, clones were characterized by Western blot and immunofluorescence. Two clones, PC6-3-ataxin3(Q28)#33 and PC6-3-ataxin3(Q166)#41, were chosen because of their tightly inducible, robust expression of ataxin-3.
siRNA Plasmid and Viral Production. Plasmids expressing ataxin-3 short hairpin RNAs (shRNAs) were generated by insertion of head-to-head 21-bp hairpins in phU6 that corresponded to siC10 and siG10 (5) .
Recombinant adenovirus expressing ataxin-3-specific shRNA was generated from phU6-C10i (encoding C10 hairpin siRNA) and phU6si-G10i (encoding G10 hairpin siRNA) as described (5, 19) .
Western Blotting and Immunofluorescence. Cos-7 cells expressing ataxin-3 were harvested 24-48 h after transfection (17) . Stably transfected, inducible cell lines were harvested 72 h after infection with adenovirus. Lysates were assessed for ataxin-3 expression by Western blot analysis as described (17) with polyclonal rabbit anti-ataxin-3 antisera at a 1:15,000 dilution or 1C2 antibody specific for expanded polyQ tracts (20) at a 1:2,500 dilution. Cells expressing Tau were harvested 24 h after transfection. Protein was detected with an affinity-purified polyclonal antibody to a human Tau peptide (residues 12-24) at a 1:500 dilution. Anti-␣-tubulin mouse monoclonal antibody (Sigma) was used at a 1:10,000 dilution, and GAPDH mouse monoclonal antibody (Sigma) was used at a 1:1,000 dilution.
Immunofluorescence for ataxin-3 (17) was carried out by using 1C2 antibody (Chemicon) at a 1:1,000 dilution 48 h after transfection. Flag-tagged, WT Tau was detected by using mouse monoclonal antibody (Sigma) at a 1:1,000 dilution 24 h after transfection. Both proteins were detected with rhodamineconjugated secondary antibody at a 1:1,000 dilution.
Fluorescent Imaging and Quantification. Fixed samples were observed with a Zeiss Axioplan fluorescence microscope. Digital images were collected on separate red, green, and blue fluorescence channels by using a SPOT digital camera. Images were assembled and overlaid by using PHOTOSHOP 6.0 (Adobe Systems, Mountain View, CA). Live cell images were collected with a Kodak MDS 290 digital camera mounted to an Olympus (Tokyo) CK40 inverted microscope. Fluorescence was quantitated by collecting three nonoverlapping images per well at low power (ϫ10). Pixel count and intensity for each image were determined by using NOVA PRIME software (BIOQUANT Image Analysis, Nashville, TN). Background was subtracted by quantitation of images from cells of equivalent density under identical fluorescent illumination. Mock-transfected cells were used to assess background fluorescence for all experiments and were stained with appropriate primary and secondary antibodies for simulated heterozygous experiments. Average fluorescence is reported from two to three independent experiments. The mean of two to three independent experiments for cells transfected with the indicated expression plasmid and a mistargeted siRNA (siMiss) was set at 1. Error bars depict variation between experiments as the standard error of the mean. In simulated heterozygous experiments, a blinded observer scored cells with a positive fluorescence signal for expression of WT, mutant, or both proteins in random fields at high power for two independent experiments. More than 100 cells were scored in each experiment and reported as the number of cells with coexpression divided by the total number of transfected cells.
Results
Direct Silencing of Expanded Alleles. We first attempted suppression of mutant polyQ expression using siRNA complementary to the CAG repeat and immediately adjacent sequences to determine whether the expanded repeat differentially altered the susceptibility of the mutant allele to siRNA inhibition (Table 1) . We transfected HeLa cells with various in vitro-synthesized siRNAs (13) and plasmids encoding normal or expanded polyQ fused to red fluorescent protein (RFP) or GFP, respectively (Q19-RFP and Q80-GFP) (Fig. 1a) . In negative control cells transfected with Q80-GFP, Q19-RFP, and siMiss, Q80-GFP formed aggregates (21) that recruited the normally diffuse Q19-RFP (Fig. 1a) . When the experiment was performed with siRNA targeted to GFP as a positive control for allele-specific silencing, Q80-GFP expression was nearly abolished, whereas Q19-RFP continued to be expressed as a diffusely distributed protein (Fig. 1a) . When Q19-RFP and Q80-GFP were cotransfected with siRNA directly targeting the CAG repeat (siCAG) (Fig. 1a) or an immediately adjacent 5Ј region (data not shown), expression of both proteins was suppressed efficiently.
To test whether siRNA could selectively silence expression of a full-length polyQ disease protein, we designed siRNAs that target the transcript encoding ataxin-3, the disease protein in MJD, also known as SCA3 (8) (Fig. 1b) . In transfected cells, siRNA directed against three separate regions, the CAG repeat, a distant 5Ј site, or a site just 5Ј to the CAG repeat (siNЈCAG), Table 1 . Primers for generation of in vitro-synthesized siRNA
Name
Primer sequence (5Ј-3Ј)
Primer sequences for in vitro synthesis of siRNAs using T7 polymerase are shown. All primers contain the T7 promoter sequence 5Ј-TATAGTGAGTCG-TATTA-3Ј at their 3Ј ends. The primer 5Ј-TAATACGACTCACTATAG-3Ј was annealed to all oligos to synthesize siRNAs.
resulted in efficient but not allele-specific suppression of ataxin-3 containing normal or expanded repeats (data not shown). Consistent with an earlier study with longer doublestranded RNA (22) , our results suggest that expanded CAG repeats and adjacent sequences, although accessible to RNAi, are not preferential targets for silencing.
Allele-Specific Silencing of the Mutant polyQ Gene in MJD͞SCA3.
In further efforts to selectively inactivate the mutant allele we took advantage of a single nucleotide polymorphism (SNP) in the MJD1 gene, a G-to-C transition immediately 3Ј to the CAG repeat (G987C) (Fig. 1b) . This SNP is in linkage disequilibrium with the disease-causing expansion, in most families segregating perfectly with the disease allele. Worldwide, 70% of disease chromosomes carry the C variant (23) . Our ataxin-3 expression cassettes, which were generated from patients (15) , contain the C variant in all expanded ataxin-3 constructs and the G variant in all normal ataxin-3 constructs. To test whether this G-to-C mismatch could be distinguished by siRNA, we designed siRNAs that included the last two CAG triplets of the repeat followed by the C variant at position 7 (siC7) ( Table 1 and Fig. 1b) , resulting in a perfect match only for expanded alleles. Despite the presence of a single mismatch to the WT allele, siC7 strongly inhibited expression of both alleles ( Fig. 1 c and d) . We then introduced a second G-to-C mismatch at position 8 such that the siRNA now contained two mismatches to WT and only one to mutant alleles (siC7͞8). The siC7͞8 siRNA effectively suppressed mutant ataxin-3 expression, reducing total fluorescence to an average of 8.6% of control levels, with only modest effects on WT ataxin-3 (average 75.2% of control). siC7͞8 also nearly eliminated the accumulation of aggregated mutant ataxin-3, a pathological hallmark of disease (24) (Fig. 1d) .
To optimize differential suppression, we designed siRNAs containing a more centrally placed mismatch. Because the center of the antisense strand directs cleavage of target mRNA in the RNA-induced silencing complex (25), we reasoned that central mismatches might discriminate between WT and mutant alleles more efficiently. We designed siRNAs that place the C of the SNP at position 10 (siC10), preceded by the final three triplets in the CAG repeat (Table 1 and Fig. 1b) . In transfected cells, siC10 caused allele-specific suppression of the mutant protein ( Fig. 1 c and d) . Fluorescence from expanded ataxin-3-Q166-GFP was reduced dramatically (7.4% of control levels), whereas fluorescence of ataxin-3-Q28-GFP showed minimal change (93.6% of control) ( Fig. 1 c and d) . Conversely, siRNA engineered to suppress only the WT allele (siG10) inhibited WT expression with little effect on expression of the mutant allele ( Fig. 1 c and d) . Importantly, inclusion of three CAG repeats at the 5Ј end of the siRNA did not inhibit expression of Q19-GFP, Q80-GFP, or full-length ataxin-1-Q30, proteins that each are encoded by CAG repeat-containing transcripts (Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org).
In the disease state, normal and mutant alleles are expressed simultaneously. In plants and worms, activation of RNAi against one transcript results in the spread of silencing signals to other targets due to RNA-dependent RNA polymerase activity primed by the introduced RNA (26, 27) . Although spreading has not been detected in mammalian cells and RNA-dependent RNA polymerase activity is not required for effective siRNA inhibition (28) (29) (30) , most studies have used cell-free systems in which a mammalian RNA-dependent RNA polymerase could have been inactivated. If triggering the mammalian RNAi pathway against one allele activates cellular mechanisms that also silence the other allele, then siRNA applications might be limited to nonessential genes. To test this possibility, we simulated the heterozygous state by cotransfecting ataxin-3-Q28-GFP and ataxin-3-Q166 and analyzing suppression by Western blot. As shown in Fig. 1e , each siRNA retained the specificity observed in separate transfections: siC7 inhibited both alleles, siG10 inhibited only the WT allele, and siC7͞8 and siC10 inhibited only mutant allele expression.
Effective siRNA therapy for late-onset disease likely will require sustained intracellular expression of the siRNA. Accordingly, we extended our experiments to two intracellular methods of siRNA production and delivery: expression plasmids and recombinant virus (3, 5) . We constructed plasmids expressing siG10 or siC10 siRNA from the human U6 promoter as a hairpin transcript that is processed intracellularly to produce siRNA (3, 5) . When cotransfected with ataxin-3-GFP expression plasmids, phU6-G10i and phU6-C10i-siRNA plasmids specifically suppressed WT or mutant ataxin-3 expression, respectively (Fig. 1f ) . This result encouraged us to engineer recombinant adenoviral vectors expressing allele-specific siRNA (5). We tested viralmediated suppression in Cos-7 cells transiently transfected with both ataxin-3-Q28-GFP and ataxin-3-Q166 to simulate the heterozygous state. In Cos-7 cells infected with adenovirus encoding siG10, siC10, or negative control siRNA (Ad-G10i, Ad-C10i, and Ad-LacZi, respectively), we observed allelespecific silencing of WT ataxin-3 expression with Ad-G10i and of mutant ataxin-3 with Ad-C10i (Fig. 2 a-c) . Quantitation of fluorescence (Fig. 2b) showed that Ad-G10i reduced WT ataxin-3 to 5.4% of control levels, whereas mutant ataxin-3 expression remained unchanged. Conversely, Ad-C10i reduced mutant ataxin-3 fluorescence levels to 8.8% of control and retained 97.4% of WT signal. These results were confirmed by Western blot, with which we further observed that Ad-G10i virus decreased endogenous (primate) ataxin-3, whereas Ad-C10i did not (Fig. 2c) . A BLAST search of the nonredundant database revealed that in all available primate ataxin-3 sequences (including gorilla, chimp, and macaque species) a G nucleotide is conserved at the first position immediately 3Ј to the CAG repeat.
We also assessed viral-mediated suppression in differentiated PC12 neural cell lines that inducibly express normal (Q28) or expanded (Q166) mutant ataxin-3. After infection with AdG10i, Ad-C10i, or Ad-LacZi, differentiated neural cells were placed in doxycycline for 3 days to induce maximal expression of ataxin-3. Western blot analysis of cell lysates confirmed that the Ad-G10i virus suppressed only WT ataxin-3, Ad-C10i virus suppressed only mutant ataxin-3, and Ad-LacZi had no effect on either normal or mutant ataxin-3 expression (Fig. 2d) . Thus, we have established that siRNA retains its efficacy and selectivity across different modes of production and delivery to achieve allele-specific silencing of ataxin-3.
Allele-Specific Silencing of a Missense Tau Mutation. The preceding results indicate that, for DNA-repeat mutations in which the repeat itself does not present an effective target, an associated SNP can be exploited to achieve allele-specific silencing. To test whether siRNA works equally well to silence disease-causing mutations directly, we targeted missense Tau mutations that cause FTDP-17 (9, 10) . A series of 21-to 24-nt siRNAs were generated in vitro against four missense FTDP-17 mutations: G272V, P301L, V337M, and R406W (Table 1 and Fig. 3a) . In each case the point mutation was placed centrally, near the likely cleavage site in the RNA-induced silencing complex (position 9, 10, or 11) (14) . A fifth siRNA designed to target a 5Ј sequence in all Tau transcripts was also tested. To screen for siRNAmediated suppression, we cotransfected GFP fusions of mutant and WT Tau isoforms together with siRNA into Cos-7 cells. Of the five targeted sites, we only obtained robust suppression with siRNA corresponding to V337M (Table 1 and Fig. 3a) (9, 10) and thus focused further analysis on this mutation. The V337M mutation is a G-to-A base change in the first position of the codon (GTG to ATG), and the corresponding V337M siRNA contains the A missense change at position 9 (siA9). This intended V337M-specific siRNA preferentially silenced the mutant allele but also caused significant suppression of WT Tau (Fig. 3 b and c) . Based on the success of our approach with ataxin-3, we designed two additional siRNAs that contained the V337M (G-to-A) mutation at position 9 as well as a second introduced G-to-C mismatch immediately 5Ј to the mutation (siA9͞C8) or three nucleotides 3Ј to the mutation (siA9͞C12) such that the siRNA now contained two mismatches to the WT but only one to the mutant allele. This strategy resulted in further preferential inactivation of the mutant allele. One siRNA, siA9͞C12, showed strong selectivity for the mutant Tau allele, reducing fluorescence to 12.7% of control levels without detect- able loss of WT Tau (Fig. 3 b and c) . Next, we simulated the heterozygous state by cotransfecting V337M-GFP and flagtagged WT-Tau expression plasmids (Fig. 4) . In cotransfected HeLa cells, siA9͞C12 silenced the mutant allele (16.7% of control levels) with minimal alteration of WT expression assessed by fluorescence (Fig. 4a) and Western blot (Fig. 4b) . In addition, siA9 and siA9͞C8 displayed better allele discrimination than we had observed in separate transfections but continued to suppress both WT and mutant Tau expression (Fig. 4) .
Discussion
Despite the rapidly growing siRNA literature, questions remain concerning the design and application of siRNA both as a research tool and a therapeutic strategy. Our study, demonstrating allele-specific silencing of dominant disease genes, sheds light on important aspects of both applications.
Because many disease genes encode essential proteins, development of strategies to exclusively inactivate mutant alleles is important for the general application of siRNA to dominant diseases. Our results for two unrelated disease genes demonstrate that in mammalian cells it is possible to silence a single disease allele without activating pathways analogous to those found in plants and worms that result in the spread of silencing signals (26, 27) . Although this result might have been predicted by the absence of RNA-dependent RNA polymerase homologs in the mouse and human genomes (31) and by data showing that siRNAs act as guides rather than primers in the mammalian RNAi pathway (29) , our findings provide experimental evidence that such spreading is unlikely to complicate allele-specific silencing in mammalian systems. Neither RNA duplexes nor shRNA seemed to trigger significant spreading of RNAi in our experiments. Based on our findings, we conclude that allelespecific silencing should be possible for many dominant disease genes. Issues of in vivo delivery and efficacy remain to be resolved, of course. Notably, the long-term consequences of chronically triggering the RNAi pathway in vivo, as may be required to treat neurodegenerative conditions, are unknown.
Our data indicate that genes can differ widely in their susceptibility to inhibition, with no obvious sequence features predicting the success or failure of a given siRNA. For example, every siRNA we designed against ataxin-3 displayed significant activity (7͞7, 100%), whereas Tau proved more difficult to inhibit, with only a single region centered on the V337M mutation yielding effective siRNAs (3͞7, 43%). Moreover, although silencing of a specific gene is readily achieved once an accessible target is found, preferential silencing of a particular allele of that gene requires careful design and engineering of the siRNA. Our results indicate, for example, that a single nucleotide difference between two alleles may not be sufficient to confer allele specificity unless it is placed centrally in the siRNA, which suggests that at least two factors contribute to siRNA specificity: (i) the overall efficiency of base-pairing between siRNA and mRNA and (ii) the presence of Watson-Crick base-pairing between siRNA and mRNA at the central position across from the RNA-induced silencing complex cleavage site. In this study we have demonstrated that these factors can be manipulated by introducing peripheral mismatches to alter the silencing specificity of siRNA. Beginning with simply and economically prepared RNA duplexes, we have shown that multiple targets and siRNA designs can be screened systematically to optimize allelespecific siRNA for a disease gene. Once the best siRNA has been identified by this approach, it can be incorporated into shRNA expressed from plasmids or viral vectors that retain the efficacy and allele specificity of the original duplex.
In summary, we conclude that siRNA can be engineered to silence expression of disease alleles differing from WT alleles by as little as a single nucleotide. We have established that this approach can target missense mutations directly, as in frontotemporal dementia, or associated SNPs, as in MJD͞SCA3. Our stepwise strategy for optimizing allele-specific targeting, together with recent advances in viral delivery (5) and the demonstration of RNAi in primary neurons (32) , should extend the utility of siRNA to a wide range of dominant diseases in which the disease gene normally plays an important or essential role. One such example is another polyQ disease, Huntington disease (HD), in which normal HD protein levels are developmentally essential (12) . The availability of mouse models for many dominant disorders including MJD͞SCA3 (33), HD (34) , and FTDP-17 (35) should speed the in vivo testing of siRNA-based therapy for these and other human diseases. 
